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a  b  s  t  r  a  c  t

The behavior of a counter-current tube-in-tube heat exchanger for fluid foods, was simulated

under  different operating conditions with a Computational Fluid Dynamics (CFD) parametric

study. Three input parameters (product velocity vp,in, inlet product temperature Tp,in and inlet

water temperature Tw,in) and two output parameters (outlet product temperature Tp,out and

pressure drop across the heat exchanger �p) were chosen. The results highlighted that the

relative impact of vp,in on �p was positive (93%), while higher Tp,in and Tw,in yielded lower

pressure drop values (−3% and −4%, respectively). Tp,out was influenced positively by inlet

product (62%) and water (22%) temperatures, and negatively by vp,in (−16%).

A  Response Surface (RS) was then generated and validated with a suitable experimen-

tal campaign. A good agreement was found between the simulated and the experimental

results: Tp,out and �p have been calculated with mean errors of 0.85 K and 628 Pa, respec-

tively, thereby confirming the potential value of the RS as a Reduced Order Model, which

could be used to develop a Digital Twin of the device. This modelling approach leads to a

significant state-of-the-art improvement, allowing m the results of the CFD simulations to

be  ready-to-use, and granting deeper knowledge and finer control of the system.

©  2021 Published by Elsevier B.V. on behalf of Institution of Chemical Engineers.

1.  Introduction

One of the biggest challenges in defining heat treatment for
a food product is to guarantee food safety by preserving the
organoleptic characteristics of the product itself as much as
possible. In particular, in thermal treatment of fluid products
the geometric features of the heating device and the process
parameter settings are crucial to reaching the desired temper-
atures in the most rapid and uniform way. To achieve this goal,
it is essential to have a deep understanding of the rheological
behaviour of the product and its dependence on the process
parameters, since it can strongly influence the flow patterns,
thereby affecting system pressure drop and heat transfer per-
formance (Chhabra and Richardson, 1999). Moreover, most of

∗ Corresponding author.
E-mail address: federico.solari@unipr.it (F. Solari).

the fluid foods are non-Newtonian and their viscosity strongly
depends not only on the temperature but also on the shear
rate. The rheological behaviour of these fluids can be described
through mathematical models, such as Power Law, Bingham,
Herschel–Bulkley, Cross and Carreu models (Steffe, 1996).

In industrial applications, the desired pasteurization or
sterilization temperature of the fluid food can be reached
using a heating medium or electric current. In the former case,
the heat transfer can be either direct, with the water vapour
being directly injected or infused into the product, or indirect,
where the product does not come into contact with the heating
medium, since they are separated by a metallic wall (Singh and
Heldman, 2014). In the case of electric ohmic heating, heat is
internally generated within the material being processed due
to its natural electrical resistance, thanks to an electric current
passing through it (Maloney and Harrison, 2016).

In the case of viscous food products, the flow regime inside
conventional heat transfer devices is usually laminar, lead-

https://doi.org/10.1016/j.fbp.2021.10.010
0960-3085/© 2021 Published by Elsevier B.V. on behalf of Institution of Chemical Engineers.
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ing to a low heat transfer coefficient. In order to achieve
a more  efficient heat treatment, many  enhancement meth-
ods have been developed, consisting in various techniques
aiming to reduce the thermal resistance by increasing the
effective heat transfer surface area or by generating turbu-
lence (Maradiya et al., 2018). However, most passive heat
transfer enhancement techniques cannot be applied when
the fluid is highly viscous or when it contains large solid
pieces, because the inserts would damage the particles and
the corrugation would make the heat exchanger surface diffi-
cult to clean. To avoid these problems and achieve an efficient
thermal treatment, ohmic heating is sometimes preferred for
high viscous and heat-sensitive fluids, low flow rates and
food containing large particulates. For all other applications
the conventional heating with heat exchangers is adopted
because of its cost-effectiveness, flexibility, ease of use and
management.

Many studies on heat exchangers based on Computational
Fluid Dynamics (CFD) can be found in the literature. The
numerical simulations allow detailed insight into the flow
patterns and distributions of the physical properties in every
point of the simulated domain. Moreover, this approach allows
the assessment of what-if scenarios by changing both geo-
metric and operating parameters in order to optimize the
overall performance of the process and reduce waste and
costs, without the need for an expensive and time-consuming
experimental campaign. CFD applications in the sector of food
thermal treatment include studies on pasteurization of fruit
puree containing pieces (D’Addio et al., 2014), thermal treat-
ment of a commercial juice inside a tube with a curved elbow
(Córcoles et al., 2020), sterilization process, and subsequent
nutrient degradation, of blackberry juice (Dantas and Gut,
2018), and enhancement of the olive oil extraction process by
thermal conditioning of olive paste (Perone et al., 2021).

Although the CFD is widely used, it appears to be extremely
time-consuming and requires an intensive computational
resource; for this reason, there have been few applications
of CFD for real-time control of industrial processes to date.
Nowadays, however, increasing attention is being paid to the
design of Digital Twins of food processes, which allow monitor-
ing and controlling the production systems (Tagliavini et al.,
2019; Verboven et al., 2020). Response Surface Methodology
(RSM) could be effectively adopted for the results of CFD sim-
ulations to be ready to use within an industrial control process
(Mishra and Ein-Mozaffari, 2021). Response surfaces can also
be used to optimize the performances of devices and processes
by modifying the values of input parameters of the CFD sim-
ulations and evaluating their effects on the output responses
of interest.

Applications of RSM in food industry include formulation
procedures, drying and blanching processes, and production
of microbial enzymes and other metabolites (Yolmeh and
Jafari, 2017). Khodashenas and Jouki (2020) used RSM to per-
form an evaluation of the effects of different gums (Gellan,
Xanthan and Quince seed gums) on the stability, probiotic via-
bility and qualitative properties of a drinkable dairy product.
Jouki et al. (2014) applied RS methods to investigate the effects
of the extraction conditions on the antioxidant activity and the
functional properties of quince seed mucilage. Jha and Prasad
(1996) used RSM to determine the combination of conditions
and operations that allowed optimization of Gorgon nut pro-
cessing. Dantas and Gut (2018) generated a Response Surface
starting from a mathematical model of a double pipe heat
exchanger in order to illustrate the dependence of microbio-

Fig. 1 – Pilot plant set-up.

logical and nutritional quality on product flow rate and heating
medium temperature.

In the case of heat exchangers, RSM has been used to
optimize heat transfer coefficients and friction factors by
modifying the geometric features of pipes and inserts and
the operating parameters. Some authors (Han et al., 2015)
modelled different pipe corrugation geometries, while oth-
ers simulated twisted tape inserts by varying the features of
sinusoidal tape (Yu et al., 2019), modifying cut geometries
(Kola et al., 2021) or modelling new configurations of com-
bined vortex generators (Arjmandi et al., 2020). Finally, Liu
et al. (2021) evaluated the performance of a coiled tube-in-tube
heat exchanger with different coil configurations.

In this study the thermal treatment of a non-Newtonian
product flowing through a counter-current tube-in-tube heat
exchanger (Bottani et al., 2020) has been evaluated using a
CFD simulation. The product tested was a mixture of 0.1 wt%
Gellan gum powder (Fialho et al., 2008) and water, whose rhe-
ological behavior was assessed at different temperatures and
resulted to be pseudo-plastic. A parametric study was defined
to characterize the device under different operating condi-
tions. Product flow rate and inlet temperature, along with inlet
water temperature, were defined as input parameters, while
outlet product temperature and pressure drop across the heat
exchanger were defined as output parameters. The simula-
tion results were finally validated with a suitable experimental
campaign on the pilot plant. The Response Surface obtained
from the parametric study aims to be used to develop a Digital
Twin of the system, and to rapidly predict the behavior of the
device as a function of the input operating conditions. This
approach could improve the current state-of-the-art, since it
would allow using the results of CFD simulations for advanced
control of industrial plants.

2.  Materials  and  methods

2.1.  Equipment

The pilot plant consists in a tubular heat exchanger for pre-
heating of fluid foods that can process up to 2500 l/h of viscous
products containing particles with a size up to 10 mm.  The
plant is equipped with auxiliary systems that supply steam,
electricity, water and compressed air to each machine. The
system is controlled by a Programmable Logic Controller (PLC)
and the process settings can be adjusted from the control
panel by means of a Human-Machine Interface (Fig. 1). Q5

As stated before, this study focuses on modeling the heat-
ing of a fluid food achieved through a tube-in-tube heat
exchanger where the product flows through the inner tube,
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Fig. 2 – Schematic representation of the pilot plant configuration.

while the water flows  counter-current in the outer shell tube.
The machine consists of six horizontal linear heating mod-
ules, each approximately 4 m long, arranged in a vertical
configuration. The inner pipes of consecutive modules are
connected with 180◦ bends, while the outer shell pipes are
connected with vertical flange connections. Both inner and
outer pipes are made of stainless steel.

The product, initially stored in a stainless steel storage tank
equipped with a mixer, is moved by means of a twin-screw vol-
umetric pump, whose flow rate is measured through a mass
flowmeter and can be adjusted by regulating the frequency of
the power supply with an inverter. The product enters the heat
exchanger from the lower section, flows  through the inner
pipe and exits from the upper section, before being finally
recirculated to the storage tank.

The water is moved by means of a centrifugal pump: it
enters the tubular heat exchanger from the upper section and
flows in the opposite direction to the product. The tempera-
ture of the water is raised by indirect contact with steam inside
a dedicated heat exchanger.

Both steam and water flow rates can be regulated by means
of two control valves (respectively Control Valve 1 and Control
Valve 2 in Fig. 2). Valve positions can either be adjusted auto-
matically, by using a Proportional-Integral (PI) controller, so
that product and water temperatures remain close to user-
defined set-point values, or manually defined by setting a
fixed opening percentage. Pressure and temperature of both
product and water are evaluated through dedicated sensors
at the inlet and outlet sections of the heat exchanger: temper-
atures are measured with resistance temperature detectors,
while pressures are measured using pressure transmitters
with flush diaphragm.

The main data of the heat exchanger geometry are reported
in Table 1.

The main processing parameters of the pilot plant are sum-
marized in Table 2.

2.2.  Materials

The product used in this study is a mixture of 0.1 wt % Gel-
lan gum powder and water. Gellan gum is a high molecular
weight exopolysaccharide produced via aerobic fermentation

Table 1 – Geometrical data of the heat exchanger.

Description Value Unit

Number of heating modules 6 –
Total linear section length 3950 mm
Heating section length 3770 mm
Distance between water inlet and outlet axes 3600 mm
Inner pipe diameter 39.8 mm
Inner pipe bends r/D 1.5 –
Outer pipe diameter 73.2 mm
Inner and outer pipe thickness 1.5 mm
Water pipe diameter 57.1 mm

by Sphingomonas elodea,  commonly used as a thickening, sta-
bilizing and emulsifying agent in food industry with European
food additive E-number E418. To prepare the mixture, 200 g of
biopolymer were added to 200 l of water contained in the stor-
age tank. The content of the tank was continuously agitated
by means of a mixer and the product pump was running to
incorporate the powder gradually and homogeneously.

Density, thermal conductivity and specific heat were
assumed to be similar to those of water, while viscosity was
determined thanks to experimental measurements. In food
processing applications involving pipe flow, shear rate values
generally range from 10◦ to 103 s−1 (Steffe, 1996), with the low-
est values at the center of the pipe and the maximum values
at the walls. In this study the rheological characterization was
performed using a concentric cylinder geometry (Couette cell)
mounted on an ARES rheometer (Ta Instruments, New Castle,
DE, USA). The dimensions of the geometry were 34 mm cup
diameter, 32 mm bob diameter, and 33 mm height. Eight ml
of the product were transferred to the rheometer cup using
a graduate cylinder and a sample was equilibrated for 2 min
before being analyzed (Rinaldi et al., 2018). The measurements
were conducted under isothermal conditions, evaluating the
shear stress at three temperatures (293.15 K,  313.15 K and
333.15 K), with shear rates ranging from 10 to 300 s−1, with 30
points in logarithmic distribution (Fig. 3).

It can be observed that, especially at low temperatures, the
fluid had a slightly non-Newtonian, shear thinning behavior, Q6

which can be described by means of a Power-law model:

� = K �̇n (1)
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Table 2 – Main processing parameters of the pilot plant.

Unit Value

Min Max

Product pump Operating pressure bar 0 5
Twin-screw pump Flow rate m3/h 0 5

Viscosity Pa s 0 0.5
Particle size mm 0 10

Water pump Flow rate m3/h 0 12
Centrifugal pump Prevalence m 25.5 27.5

Product density kg/m3 1000
Product viscosity Pa s 0.001

Fig. 3 – Experimentally measured shear stress at three
different temperatures.

Fig. 4 – Apparent viscosity at the three evaluated
temperatures.

where � is the shear stress, �̇ is the shear rate, and K and n are
consistency and flow behavior indexes, respectively. Apparent
viscosity � of the fluid can be calculated from the shear stress,
by means of the following equation (Fig. 4):

� = �

�̇
= K �̇n−1 (2)

A logarithmic transformation of Eq. (1) was performed to
evaluate K and n:

ln (�) = ln (K) + n ln( �̇) (3)

Table 3 – Calculated power-law coefficients.

Unit 293.15K 313.15K 333.15K

K Pa sn 0.0065 0.0022 0.0014
n – 0.84 0.99 1.00

Eq. (3) represents a linear model describing a straight line
in the form:

y = a + bx (4)

where

y = ln (�) (5)

a = ln (K) (6)

b = n (7)

Parameters a and b are obtained by means of a linear regres-
sion aiming to define the least squares regression line by
solving the following system of normal equations:

∑
i
yi = aNm + b

∑
i
xi (8)

∑
i
xiyi = a

∑
i
xi + b

∑
i
xi

2 (9)

where Nm is the number of experimental measurements, yi are
the natural logarithms of the measured shear stress values,
and xi are log-transformed values of shear rate.

Once the system of equations is solved for a and b, con-
sistency index K can be calculated from Eq. (6), while the flow
behavior index n is equal to b.

K = exp (a) (10)

The same procedure was used to calculate K and n coeffi-
cients at all temperatures considered, and the following values
were found (Table 3).

Results show that the product’s behavior varies with the
temperature: it has a non-Newtonian behavior at low tem-
peratures, while at higher temperatures it behaves like a
Newtonian fluid with a viscosity value very close to that of
water.

Since the temperature values change significantly within
the domain, it is important to consider the temperature
dependence of apparent viscosity. The influence of tempera-
ture was taken into account using the Arrhenius relationship:

�

�˛
= exp

Ea
R

(
1
T

− 1
T˛

)
(11)
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Fig. 5 – Log-transformed data, linear model and calculated coefficients of determination R2.

where �˛ and T˛ are reference values, Ea is the energy of acti-
vation for viscosity, and R is the universal gas constant. The
magnitude of Ea/R was evaluated considering apparent viscos-
ity values at a shear rate of 100 s−1:

Ea
R

=
ln �

�˛
1
T − 1

T˛

(12)

The accuracy of the model was assessed by means of the
coefficient of determination R2, calculated with the following
equation:

R2 = 1 −
∑

i
(yi − ŷi)

2

∑
i

(yi − ȳ)2
(13)

where yi are the log-transformed values of shear stress, ȳ is the
mean of yi values, and ŷi are the predicted values, calculated
as follows:

ŷi = ln K + n ln �̇  + Ea
R

(
1
T

− 1
T˛

)
(14)

R2 coefficients were calculated by considering different ref-
erence temperatures (Table 4), to determine the combination
of temperature values that would grant the best overall model
accuracy. The reference temperature chosen in this study was
313.15 K, while the temperature of 293.15 K is used to calculate
the value of Ea/R.  The calculated model fits the experimental
data well, as shown in the following plots (Fig. 5).

The temperature-dependent shear stress, calculated on the
basis of K and n coefficients, fits the measured data as illus-
trated in Fig. 6. The model appears to be more  accurate at
higher temperatures (T ≥ 313.15 K).

For the CFD simulations, water and steel too were char-
acterized from a thermodynamic point of view. Materials
properties are summarized in Table 5.

2.3.  Flow  patterns

The flow regimes of the two fluids can be estimated by using
the Reynolds number value. In the case of water, which is a
Newtonian fluid, Reynolds number is calculated as follows:

Re = � u D

�
(15)

where � is the fluid density, u is the velocity, D is the hydraulic
diameter of the pipe, and � is the dynamic viscosity of the
fluid.

The flow pattern of the shear-thinning product can be eval-
uated by means of the generalized Reynolds number equation,
proposed by Metzner and Reed (1955):

ReMR = 8�
K
w2−n

(
n

3n + 1

)n
Rn (16)

where w is the mean velocity of the viscous product and R is
the pipe radius.

For practical purposes, the flow pattern inside a pipe can
be estimated on the basis of three ranges of Reynolds num-
ber: at Re < 2000 the flow is laminar and has a parabolic profile;
when Re ranges between 2000 and 4000 the flow is in an unsta-
ble transition region and can be either laminar or turbulent,
with the critical ReCR at which the transition begins to be influ-
enced by fluid properties and geometric features of the pipe;
at Re > 4000 turbulent flow is dominant and the flow profile
becomes fairly flat (LaNasa and Upp, 2014).

As for the processing parameters of the pilot plant, the
Reynolds numbers calculated for the two fluids at different
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Fig. 6 – Experimental data and power-law temperature-dependent model.

Table 4 – Accuracy of the temperature-dependent viscosity model using different values of reference temperature (Ta) and
different temperatures (T) for the evaluation of Ea/R.

T� [K] 313.15 313.15 293.15 293.15 333.15 333.15
T [K] 293.15 333.15 313.15 333.15 293.15 313.15
Ea/R [K] 1703 1197 1703 1466 1466 1197
R2 at 293.15K 0.9472 0.8999 0.9924 0.9924 0.9113 0.8518
R2 at 313.15K 0.9999 0.9999 0.9682 0.9565 0.9973 0.9962
R2 at 333.15K 0.9932 0.9955 0.9602 0.9472 0.9988 0.9988
Mean R2 0.9801 0.9651 0.9736 0.9654 0.9691 0.9489

Table 5 – Properties of water, stainless steel and product.

Viscous product Water  Stainless steel

Thermodynamic state Fluid Fluid Solid
Density 998.2 kg/m3 998.2 kg/m3 8030 kg/m3

Specific heat 4182 J/kg K 4182 J/kg K 502 J/kg K
Thermal conductivity 0.6 W/m K 0.6 W/m K 16.3 W/m K
Dynamic viscosity – 0.001 Pa s –
Consistency index (K) 0.0022 Pa sn – –
Flow behavior index (n) 0.99 – –
Energy of activation 14.2 kJ/mol – –
Reference temperature 313.15 K – –

Table 6 – Fluid velocities and calculated Reynolds numbers.

Pump flow rate
[m3/h]

Uniform velocity
on the section
[m/s]

Reynolds
number Re

Generalized
Reynolds
number ReRM

Water 12 1.16a 18,519 –
Product 1 0.22 – 4164

2 0.44 – 8386
3 0.66 – 12,630
4 0.88 – 16,888
5 1.11 – 21,157

a Mean water velocity on the annular area of the outer pipe.

https://doi.org/10.1016/j.fbp.2021.10.010


FBP 1511 1–17
Please cite this article in press as: Lysova, N., et al., Optimization of an indirect heating process for food fluids through the combined use of
CFD and Response Surface Methodology. Food Bioprod Process (2021), https://doi.org/10.1016/j.fbp.2021.10.010

ARTICLE IN PRESSFBP 1511 1–17

Food  and Bioproducts Processing x x x ( 2 0 2 1 ) xxx–xxx 7

Fig. 7 – Geometry of the heat exchanger, with two separate
bodies for the inner and outer pipes.

flow rates are reported in Table 6. It appears that the flow is
turbulent for both product and water.

2.4.  Numerical  simulation

Methods for solving heat transfer problems for non-
Newtonian fluids in turbulent conditions can be found in the
literature (Shenoy, 2018). However, these methods are effec-
tively applicable only if the boundary conditions and the
rheological characteristics of the fluid are constant in space
and time.

In our case, the rheological characteristics of the product
resulted to be extremely sensitive to temperature, which, for
both fluids considered, changes from point to point across the
heat exchanger. In this case, therefore, a numerical simulation
can better reproduce the real situation.

2.4.1.  Geometry  and  mesh
In order to perform the numerical simulation of the thermal
treatment, a 3D model of the heat exchanger was generated
with ANSYS SpaceClaim. The model reproduced the entire
machine’s geometry and consisted of two distinct bodies: one
for the inner fluid domain (product) and one for the outer fluid
domain (water). The contribution of the solid domain (stain-
less steel pipe) was considered as the conductive resistance
of a thin stainless steel wall at the interface between the two
fluid domains.

The following assumptions were made:

• In order to have fully developed flow profiles at the inlet
areas of the heat exchanger, additional linear sections were
modelled for inner pipes;

• The inner fluid domain (product) was split into several sec-
tions in order to set different boundary conditions for the
heating zones and the bends;

• The outer fluid domain (water) was divided into linear
sections and T-junction sections in order to facilitate the
generation of the computational grid;

• A shared topology option was set for both inner and outer
fluid domains in order to obtain matching grids on consec-
utive sections of the bodies (Fig. 7).

To reduce the computational cost of the simulation, the
thermal treatment inside the heat exchanger was considered
to be overall symmetrical, thereby allowing modelling only
half of the device geometry (Fig. 8).

Fig. 8 – Heat exchanger geometry cut in half to reduce the
computational cost of the simulations.

Fig. 9 – Details of the selected mesh.

The grid generation for the two fluid domains was per-
formed with ANSYS Meshing in order to define a finite number
of control volumes. A structured hexahedral mesh was cre-
ated for the fluid product domain, while in the water domain
a structured mesh was created in the linear sections, and an
unstructured mesh was used within the T-junctions.

Special attention was paid to the near-wall regions in order
to obtain accurate information about the heat transfer pro-
cess. Ten inflation layers, with a first layer thickness of 10−4 m
and 1.2 growth rate, were generated at each side of the inter-
face for both product and water domains.

A grid sensitivity analysis was carried out to examine the
influence of the mesh size on the simulation results. Five
different grids with an increasing number of elements was
tested, and the outlet product temperature and pressure drop
values calculated were then compared. The differences in the
results obtained, especially the outlet temperatures, were very
small, so the grid for the study was determined on the basis of
the pressure drop values and the computation time (Table 7).

Mesh 3 resulted to be the best choice since a higher num-
ber of elements provided no significant improvement in the
results, while strongly increasing computation time (Fig. 9).

2.4.2.  Governing  equations
In order to model the thermal treatment inside the heat
exchanger, ANSYS Fluent 2020 R2 was used to solve the
governing equations for the defined fluid domains. Accord-
ing to ANSYS Fluent Theory Guide, the numerically solved
Navier–Stokes equations are defined as follows.

The continuity equation for o mass conservation is:

∂�

∂t
+ ∇ (��v) = 0 (17)

where t is time, � is the density of the fluid, and �v is the overall
velocity vector.

Conservation of momentum is described by:

∂

∂t
(��v) + ∇ (��v�v) = −∇p + ∇ ( �) + ��g + �F (18)
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Table 7 – Comparison of simulation results using different grids.

Grid Element size [mm] Number of elements [mil] Computation time [h] Pressure drop [mbar]

1 7 1.5 3 150.02
2 6 2.2 5.5 149.84
3 5 3.5 7 149.71
4 4 4.6 10 149.70
5 3 7.8 17 149.69

Table 8 – Input and output parameters of the parametric study.

Parameter Name Variable Description Unit

Input P1 x1 Inlet product temperature K
Input P2 x2 Product velocity on the inlet area m/s
Input P3 x3 Inlet water temperature K
Output P4 y1 Outlet product temperature K
Output P5 y2 Pressure drop Pa

where p is the static pressure, ��g is the gravitational body force,
and �F considers external body forces. The stress tensor � is
defined as follows:

� = �

[(
∇�v + ∇�vT

)
− 2

3
∇(�vI)

]
(19)

where � is the molecular viscosity and I is the unit tensor.
Since the problem includes heat transfer, the energy equa-

tion is solved and defined as:

∂

∂t
(�E) + ∇ (�v (�E + p)) = ∇ (k∇T) − ∇( ��v) (20)

where total energy E is defined as:

E = h − p

�
+ v2

2
(21)

In the energy equations mentioned above, k is the thermal
conductivity of the material and h is the enthalpy.

2.4.3.  Boundary  conditions
The simulated three-dimensional flow was incompressible, so
a pressure-based solver was used for the study, and the gravity
option enabled.

Uniform axial velocity and temperature values were
defined on the inlet areas for both fluid domains. The outlet
areas were defined as pressure outlets, with gauge pressure
set to zero in order to calculate the pressure drop inside the
heat exchanger.

A symmetry boundary condition was applied to all the sur-
faces lying in the plane of symmetry. A no-slip condition was
set at the walls. The interface between the two fluid domains
was defined as a coupled two-sided wall made of steel, with
wall thickness equal to 2 mm.  The walls in contact with the
external environment were considered to be adiabatic.

The simulations were carried out in steady-state condi-
tions and the convergence criterion was set at 10−6. A coupled
scheme was used for pressure-velocity coupling during the
numerical solution of the governing equations. The gradients
were computed according to the Least Squares Cell-Based
method. PRESTO! scheme was used to interpolate pressure
since it is suitable for flows in curved domains. A second-order
upwind discretization scheme was used for energy and turbu-
lent flow equations, while a first-order upwind was used for
the momentum equation to improve the convergence of the
solution.

In addition, Shear-Stress Transport (SST) k-�  turbulence
model was used to solve the turbulent flow numerically. SST
k-� model is a linear combination of k-�  and k-�  models
activated for the free stream regions and near-wall zones,
respectively, in order to overcome the limits of both models
(Menter, 1994).

2.4.4.  Parametric  study
A parametric study was defined as shown in Table 8 to model
the behavior of the heat exchanger under different operating
conditions. Product flow rate, and inlet product and water tem-
peratures were selected as input parameters. Outlet product
temperature and pressure drop through the heat exchanger
were chosen as output parameters. The results of the para-
metric study, calculated in a finite number of Design Points
(DPs), were used to generate a Response Surface to estimate
the values of the output variables (responses) in all the points
of the simulated domain.

2.5.  Response  surface  generation

Response Surface Methodology (RSM) is a collection of mathe-
matical and statistical techniques used to model and analyze
problems in which a dependent response of interest (yk) is
a function of a set of independent explanatory factors (xi)
(Montgomery, 2001). In this study there are three independent
factors (x1, x2, x3), so a generic estimated response could be
expressed as

yk = f (x1, x2, x3) + ε (22)

where ε is the error observed in the response yk. The graphi-
cal three-dimensional representation of the response, plotted
against two independent factors of choice, is called “Response
Surface”.

The simulated DPs where the responses should be numer-
ically evaluated were defined by means of a proper Design of
Experiments (DOE). The first step was the definition of the
experimental domain, performed by choosing the range for
each input factor as summarized in Table 9. Five levels of coded
factors cf were defined in a dimensionless range from −� to �,
and the actual values of the input parameters were then cal-
culated using Eq. (23). Coded and actual input factor values
are reported in Table 10.

xi = cf (xi,1 − xi,−1)
2

+ x̄i (23)
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Table 9 – Ranges of the three input factors that define
the experimental domain.

Factors Natural variables

Name Unit Min Max

x1 K 293.15 333.15
x2 m/s 0.221 1.105
x3 K 323.15 373.15

Table 10 – Five-level coded input variables.

Factors Coded factors

Name −� −1 0 1 �

x1 293.15 296.90 313.15 329.41 333.15
x2 0.22 0.30 0.66 1.02 1.11
x3 323.15 327.82 348.15 368.48 373.15

Table 11 – Design points of the parametric study based
on face-centered CCD model.

Input factors

Design point x1 x2 x3 Point type

1 0 0 0 Central point
2 -� 0 0 Axial points
3 � 0 0
4 0 -� 0
5 0 � 0
6 0 0 -�

7 0 0 �

8 −1 −1 −1 Factorial points
9 1 −1 −1
10 −1 1  −1
11 1 1 −1
12 −1 −1 1
13 1 −1 1
14 −1 1 1
15 1 1 1

� value is equal to 1.23 and was calculated by minimizing a
measure of non-orthogonality, known as the Variance Infla-
tion Factor (VIF) (Ansys Inc., 2017a,b).

The Central Composite Design model (CCD) was selected to
define the experimental design for this study since it required
fewer simulation runs compared to the Full Factorial Design
(FFD) and provided higher accuracy at the extremes of the
experimental domain compared to the Box–Behnken Design
(BBD). CCD is a second-order polynomial model developed
by Box and Wilson (1951) consisting in three-point types: a
centre point, two-level factorial points, and axial points at a
distance � from the central point. Factorial points estimate lin-
ear effects and two-factor interactions, while axial and central
points evaluate quadratic effects.

The number of experimental runs Nr can be estimated by
(24):

Nr = 2f + 2f + Cp (24)

where f is the number of factors and Cp is the central point.
The experimental matrix, with the definition of the simulated
design points in terms of coded factors, is reported in Table 11.

The experimental 3D domain, defined by the evaluated
design points, is shown in Fig. 10.

Fig. 10 – Three factor Central Composite Design (CCD)
model with five-level variables.

2.6.  Experimental  method

An experimental campaign was conducted on the pilot plant
to validate the simulated results. A set-point value for water
temperature was defined in the dedicated control panel sec-
tion after the product was prepared. Automatic regulation of
the opening percentage of Control Valve 1 was enabled to raise
water temperature to the set-point value and then maintain
it stable at that level during the treatment. The opening per-
centage of Control Valve 2 was set manually at 100% to allow
the whole volume of water to flow in the outer pipes of the
heat exchanger.

Since the product was continuously recirculated, its tem-
perature at the inlet section of the heat exchanger changed
constantly under the influence of the water temperature (see
Fig. 2). Therefore, during the experimental validation, the only
manually-set parameter was product flow rate, which was
changed by adjusting the frequency of the power supply of the
pump with an inverter. Different values were tested to verify
the reliability of the model under different operating condi-
tions. Phases with constant flow rate, and with sudden and
significant changes in flow rate were tested to verify whether
the model’s responses followed those of the real system, and
to assess the extent of any deviations and delays.

3.  Results  and  discussion

3.1.  Simulation  results

The simulation results for the outputs of interest, evaluated at
operating conditions defined by the DPs examined, are sum-
marized in Table 12.

Contours of temperature, pressure, shear rate and viscos-
ity, with input parameter values corresponding to the central
point of the experimental domain (DP1) are presented in the
following figures (Figs. 11–14).

3.2.  Response  surface

A Response Surface was generated starting from the results of
the CFD simulations reported in Table 12. RS generation, with
relative Analysis of Variance (ANOVA), was carried out in the
statistical analysis software Design Expert v.13.

A quadratic model was used to fit the CFD data. The equa-
tion for a generic response can be expressed as:

yk = ˇ0 + ˇ1*vp,in + ˇ2*Tp,in + ˇ3*Tw,in + ˇ12*vp,in*Tp,in

+ˇ13*vp,in*Tw,in + ˇ23*Tp,in*Tw,in + ˇ11*vp,in
2

+ˇ22*Tp,in
2 + ˇ33*Tw,in

2 + ε (25)

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

https://doi.org/10.1016/j.fbp.2021.10.010


FBP 1511 1–17
Please cite this article in press as: Lysova, N., et al., Optimization of an indirect heating process for food fluids through the combined use of
CFD and Response Surface Methodology. Food Bioprod Process (2021), https://doi.org/10.1016/j.fbp.2021.10.010

ARTICLE IN PRESSFBP 1511 1–17

10  Food and Bioproducts Processing x x x ( 2 0 2 1 ) xxx–xxx

Table 12 – Simulation results for the output parameters of interest.

Input parameters Output parameters

P1 P2 P3 P4 P5
DP vp,in [m s−1] Tp,in [K] Tw,in [K] �p [Pa] Tp,out [K]

1 0.66 313.15 348.15 13287.52 337.58
2 0.22 313.15 348.15 9272.69 342.91
3 1.11 313.15 348.15 20504.08 333.68
4 0.66 293.15 348.15 13435.42 330.33
5 0.66 333.15 348.15 13160.27 343.89
6 0.66 313.15 323.15 13521.71 319.84
7 0.66 313.15 373.15 13086.98 356.48
8 0.30 296.89 327.82 9881.18 320.72
9 1.02 296.89 327.82 19557.34 314.66
10 0.30 329.41 327.82 9801.65 328.16
11 1.02 329.41 327.82 18943.92 328.45
12 0.30 296.89 368.48 9728.24 356.21
13 1.02 296.89 368.48 18901.04 340.21
14 0.30 329.41 368.48 9679.40 362.53
15 1.02 329.41 368.48 18445.31 353.90

Fig. 11 – Temperature of product and water on the symmetry plane of the heat exchanger.

Fig. 12 – Profile of pressure across the heat exchanger.

Fig. 13 – Product temperature profiles at the central transversal section of each Heat Exchanger (HE) module.
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Fig. 14 – Contours of shear rate (left) and shear rate dependent viscosity (right) on a transversal section of the inner pipe.

Table 13 – ANOVA results for the quadratic model –p values calculated for pressure drop and outlet product temperature
responses.

�p response Tp,out response

Source p-Value Significant p-Value Significant

Model <0.0001 Yes <0.0001 Yes
vp,in <0.0001 Yes <0.0001 Yes
Tp,in <0.0001 Yes <0.0001 Yes
Tw,in <0.0001 Yes <0.0001 Yes
vp,in × Tp,in 0.0003 Yes <0.0001 Yes
vp,in × Tw,in 0.0004 Yes <0.0001 Yes
Tp,in × Tw,in 0.1354 No 0.24 No
vp,in

2 <0.0001 Yes 0.028 Yes
Tp,in

2 0.6476 No 0.087 No
Tw,in

2 0.499 No 0.057 No

where ˇij are the factor coefficients, and ε, as stated before,
is the expected error. In the current study the responses of
interest were the pressure drop (y1 = �p) and the outlet prod-
uct temperature (y2 = Tp,out). The ANOVA test was conducted to
determine whether the model and its terms were significant
for the evaluated responses (Table 13).

A term is considered to be significant if its p-value is
less than 0.05. For both estimated responses, the generated
quadratic model and all of its terms are significant, except for
the product of the two inlet temperatures and their square val-
ues. The R2 coefficients of determination values are very close
to 1 for both responses (R2

�p = 0.9999, R2
Tp,out = 0.9998), meaning

that the quadratic model predicts the simulated values very
well.

The final equations for outlet product temperature and
pressure drop can be expressed in terms of actual input
parameters in their original units, using Eq. (25) and the cal-
culated quadratic model coefficients summarized in Table 14.
These equations can be used to estimate the system responses
for given levels of input factors.

A Local Sensitivity (LS)  analysis was performed to under-
stand the relative impact that each input factor has on the
estimated response. For a single input parameter (xi), response
(R) sensitivity is calculated as:

LS (R, xi) = max(R (xi))  − min(R (xi))
max(R) − min(R)

(26)

where max(R) − min(R) is the maximum response variation
and max(R (xi))  − min(R (xi))  is the maximum response vari-
ation due to the changing of factor xi, with the other input
parameters being held constant. If the response value rises as
the factor value increases, LS is a positive number, otherwise
it is negative (Fig. 15).

As shown in Fig. 16, the pressure drop is mostly influenced
by product velocity, while product and water temperatures
result to have a lower impact. The strongest positive effect
on outlet temperature of the product is given by the water
temperature, while an increase in product velocity yields a
lower product temperature raise, since the residence time of
the fluid inside the heat exchanger decreases.

A graphical representation of the estimated responses can
be seen in Fig. 17: the pressure drop response is plotted as a
function of inlet product temperature and velocity, while the
outlet product temperature is represented as a function of the
inlet temperatures of water and product.

Contour plots of the estimated response for pressure drop,
expressed in Pa, are shown in Fig. 18, for different combina-
tions of Tp,in and vp,in. The third factor, specifically Tw,in, is fixed
at three values corresponding to −˛, 0 and  ̨ coded levels. The
strong dependence of the pressure drop on the product flow
rate is once again evident.

Response surfaces for outlet product temperature,
expressed in K, are generated as a function of Tp,in and
vp,in, at 3 fixed values of Tw,in (Fig. 19). On the right-hand
side of the first contour plot the fluid is considered to flow
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Table 14 – Calculated quadratic model coefficients for pressure drop and outlet product temperature responses.

Coefficient Factor Pressure drop [Pa] Outlet product temperature [K]

ˇ0 – 21257.31 −86.24
ˇ1 vp,in 13422.97 5.26
ˇ2 Tp,in −40.41 1.05
ˇ3 Tw,in −42.84 0.47
ˇ12 vp,in* Tp,in −20.12 0.29
ˇ13 vp,in* Tw,in −15.05 −0.32
ˇ23 Tp,in* Tw,in 0.07 −4.58e-04
ˇ11 vp,in2 8208.07 3.59
ˇ22 Tp,in2 0.03 −1.22e-03
ˇ33 Tw,in2 0.03 9.03e-04

Fig. 15 – Tp,out one-factor response charts showing the sensitivity of the response and the effects of modifying one
parameter at a time.

Fig. 16 – Relative impact of the input factors on the analyzed responses.

Fig. 17 – Response surfaces for pressure drop and outlet product temperature responses.

counter-current to water at a lower temperature, so it is sub-
jected to cooling. It is important to notice that the response
presents curvature, which is considered thanks to the choice
of a second-order model.

The estimated responses for outlet product temperature
are also represented as a function of Tp,in and Tw,in, with vp,in
values fixed at minimum, mean and maximum values (Fig. 20).
As the flow rate increases, the product temperature increment
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Fig. 18 – Response surface contour plots for pressure drop [Pa].

Fig. 19 – Response surface contour plots for outlet product temperature [K], as a combination of different levels of inlet
product temperature and velocity.

Fig. 20 – Response surface contour plots for outlet product temperature, as a combination of different levels of inlet product
and water temperatures.

tends to decrease, and its dependence on the inlet product
temperature becomes stronger.

3.3.  Experimental  validation

The results of the CFD simulations, and the generated
Response Surface, were validated with an experimental cam-
paign on the pilot plant. Measured and RS estimated outputs
of interest are compared in Figs. 21 and 22. Plots of measured
values of pressure and temperature are based on sensor read-
ings that were acquired every 2 s with a Data Acquisition (DAQ)
module and stored in a spreadsheet. RS estimated values were
calculated with the final equations of the estimated response
in terms of actual factors by multiplying the measured input
factor readings by the coefficients of the quadratic model.
The model was validated by comparing the measured outputs
with the calculated ones. Thanks to the continuous acquisi-
tion of experimental data the comparison with the simulated
results can be performed in every operating point where the

Fig. 21 – Experimental validation of the estimated pressure
drop response.

input values lie within the considered range, rather than in a
few selected validation points. As stated in Section 2.6, the
fluid was continuously recirculated, so the only manually-
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Fig. 22 – Experimental validation of the estimated outlet
product temperature response.

set parameter was the product flow rate. A set-point value
was established for the water temperature, which, therefore,
tended to reach the desired value thanks to the automatic reg-
ulation of the opening percentage of the steam control valve.
Due to the recirculating configuration the inlet product tem-
perature rose continuously under the influence of the water
temperature.

The experimental campaign was divided into three phases:

• 12:43–12:48 Constant flow rate (2 m3/h), and constantly ris-
ing water and product temperatures. In accordance with
the sensitivity analysis, the pressure drop appeared to be
mainly influenced by flow rate and, therefore remained
fairly constant throughout the entire phase.

• 12:48–12:52 Sudden significant changes in flow rate were
induced to verify whether the reactivity of the real sys-
tem was comparable to that of the model. Since the water
temperature had not yet reached the defined set-point, the
temperatures of both fluids were still increasing. The behav-
ior of the real system was in agreement with the digital
model, without significant delays or adaptation times.

• 12:52-13:00 Constant product flow rate (3 m3/h) and water
temperature oscillating around the set-point value. The
temperature of the recirculated product approached the
water temperature. Unlike the behavior observed in the
first part of the test, a slight increase in pressure drop was
observed in this phase. This can be explained by the onset
of a time-dependent behavior of the Gellan gum solution.
Time-dependent behavior of thickening agents under par-
ticular conditions has been investigated in the literature
(Hernández et al., 2008; García et al., 2015). Further studies
are necessary to investigate this aspect, which, however, is
not strictly relevant to the objectives of this research.

The mean error, defined as the mean of punctual errors
between the actual values and the estimated ones, was cal-
culated to numerically evaluate the accuracy of the model.
The Mean error was chosen for this purpose, since, as can
be seen from Figs. 21 and 22, the difference between mea-
sured and estimated responses remains almost constant as
the operating parameters vary.

e
p =
N∑
i=1

(pin,measured,i − pout,measured,i) − 
pRS,i
N

(27)

Table 15 – Mean errors between measured and
estimated outputs.

e
p e
T

emean −628 Pa 0.85 K

Fig. 23 – Outlet product temperature contour plot, with a
highlighted iso-level at the desired pasteurization value.

e
T =
N∑
i=1

(Tout,measured,i − Tin,measured,i) − (Tout,RS,i − Tin,measured,i)
N

(28)

where N is the number of sensor readings. The Mean errors
for the two responses considered are as follows (Table 15).

The model, as can also be seen from Figs. 22 and 23, tends
to overestimate the pressure drop by an average of 628 Pa, and
to underestimate outlet product temperature by an average of
0.85 K.

In order to further improve the accuracy of this particular
model, the calculated mean error values could be included in
the final equations, as expected errors for the two  responses.
The final quadratic model equation for the estimation of outlet
product temperature, therefore, would be:

Tp,out = −86.24 K + 5.26*vp,in + 1.05*Tp,in + 0.47*Tw,in

+0.29*vp,in*Tp,in − 0.32*vp,in*Tw,in − (4.58e − 04) *Tp,in*Tw,in

+3.59*vp,in
2 − (1.22e − 03) *Tp,in

2 + (9.03e − 04) *Tw,in
2

+0.85 K (29)

while the expected value of system pressure drop could be
calculated from:


p = 21257.31 Pa + 13422.97*vp,in − 40.41*Tp,in − 42.84*Tw,in

−20.12*vp,in*Tp,in − 15.05*vp,in*Tw,in + 0.07*Tp,in*Tw,in

+8208.07*vp,in
2 + 0.03*Tp,in

2 + 0.03*Tw,in
2 − 628 Pa (30)

4.  Discussion

Once the generated model is validated, RSM could be very
useful in both predictive and operating phases as a support
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Table 16 – RS defined Operating Points (OP) that allow obtaining the desired output product temperature.

vp,in [m s−1] Tp,in [K] Tw,in [K] 
p [Pa] Tp,out [K]
Constraint Target

OP 1 0.30 303.15 358.1 9740.72 348.15
OP 2 0.45 303.15 361.3 10897.11 348.15
OP 3 0.60 303.15 364.9 12491.70 348.15
OP 4 0.80 303.15 370.0 15159.22 348.15
OP 5 0.90 303.15 373.1 16867.94 348.15

Table 17 – Operating point that allows to reach the set-point temperature, while minimizing system pressure drop.

vp,in [m s−1] Tp,in [K] Tw,in [K] �p [Pa] Tp,out [K]
Constraint Minimize Target

OP 6 0.22 303.15 356.3 9235.95 348.15

in the design and control of the plant respectively, allowing
optimization of the process according to a series of goals and
constraints.

In a predictive phase, in order to optimize the design of
the plant and of the thermal process, it can be used to predict
how the input parameter variations would affect the output
variables. During the operating phase it allows identifying the
possible operating points, defined as combinations of input
processing parameters, that enable reaching a defined value
for output of interest.

The case in which the inlet product temperature is known and
a desired outlet product temperature has been defined is reported
as an example. Tp,in is set at 303.15 K, while the set-point Tp,out
is a pasteurization temperature of 348.15 K. A contour plot of
the case is reported in Fig. 23, with vp,in and Tw,in on the x
and y axes, respectively. The colour range covers temperature
values from a minimum of 315 K to a maximum of 363 K.

The chosen output temperature value is highlighted on the
contour plot by an iso-level that identifies all the possible cou-
ples of inputs leading to the result requested.

Some of the possible operating points, calculated by means
of a numeric optimization of the response surface, are
reported in Table 16. In this optimization problem there is one
goal (Tp,out=348.15 K) and one constraint (Tp,in=303.15 K).

If, in addition to the goal of reaching a target temperature,
we aim to minimize the system pressure drop, the operating
point that meets these requests can be calculated by means
of a response optimization with two goals (Tp,out = 348.15 K;
�popt = min(�p)) and one constraint (Tp,in = 303.15 K).

The optimum operating point is defined as a combination
of input parameters as follows (Table 17).

Any constraint on the input parameters that could be due
to plant or product characteristics can be included in the
optimization set-up so as to better adapt the solution to the
real-life situation. Once they have been calculated, the product
velocity and water temperature values obtained can be used to
define the processing parameters of the pilot plant by setting
the corresponding product flow rate and water temperature
set-points on the control panel.

5.  Conclusions

In this study, the behavior of a tubular heat exchanger has
been reproduced by means of CFD simulations under differ-
ent operating conditions thanks to a parametric study. Product
flow rate, and inlet product and water temperatures were cho-
sen as input parameters, while outlet product temperature

and pressure drop across the heat exchanger were chosen as
output parameters.

The product used in the study was characterized from
a rheological point of view and its viscosity was mod-
eled with a Power-law model, considering the temperature
dependence through the Arrhenius equation. The rheologi-
cal model appears to be more  accurate at high temperatures
(T ≥ 313.15 K), because at low temperatures the pseudo-plastic
behavior of the product changes and becomes more  significant
than at high temperatures.

A Response Surface was generated using a quadratic
model, starting from the results of the parametric study.
The results highlighted that the relative impact of vp,in on
�p was positive (93%), while higher Tp,in and Tw,in yielded
lower pressure drop values across the heat exchanger (−3%
and −4%, respectively). Tp,out appeared to be positively influ-
enced by inlet product (62%) and water (22%) temperatures,
and negatively by vp,in (−16%). An ANOVA test showed that
the quadratic model and the selected independent factors
resulted to be significant for the estimation of both responses
of interest.

The RS was validated through to a suitable experimental
campaign. The Mean errors, defined as the mean of punc-
tual errors between the actual values and the estimated ones,
were calculated to numerically verify the model for the two
responses of interest. Mean error values of 628 Pa and 0.85 K
were obtained for pressure drop and outlet product tempera-
ture, respectively. These errors can be considered acceptable
since, generally, in industrial applications, heat exchangers
work with significant pressure drop and temperature varia-
tion so, in these conditions, the calculated mean error values
become negligible. It is crucial, however, that the measured
input data be accurate and reliable, otherwise incorrect infor-
mation about the independent variables would lead to highly
erroneous estimated results.

The results obtained can have significant implications in
industrial applications as the method investigated allows
generating a response surface that could be used as a Reduced-
Order-Model of the plant, and which could be implemented
to develop a Digital Twin (DT) of the heat exchanger when
connected to its real-world counter-part by sensor measure-
ments. The fact that the model was generated on the basis of
steady-state simulations could reduce its accuracy in transient
conditions which, however, are not the operating standard for
this type of plant in common industrial applications charac-
terized by stationary regime conditions. Further studies will
have to be conducted to verify and investigate the applicability
of the method to processes with more  significant transients.
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The implementation of the DT would allow knowing how
the system would behave at the measured conditions, eval-
uating any deviations and then making suitable adjustments
to guarantee optimal performance. The model could also be
used as a design tool, by setting a goal for the output values
and calculating the possible combinations of inputs that lead
to the desired result.

As stated in the Introduction, this modelling methodology
could significantly improve the current state-of-the-art, since
it would allow the results of the CFD simulations to be ready-
to-use, thereby granting deeper knowledge and finer control
of the system.
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